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SUrERMlCKOCTEJLT.UL.VH FOAMED 

This is 3 div iliCool of ccpcnding nenhcition Ser No 
116 f,!<d on Apr 5. I9?l, now US Pat No 
5,1 5S.??6 

INTRODUCTION 
This invention relates generally lo foamed materials, 
preferably foamed plastic materials, and to techniques 
for making and using such materials, and, more particu- 
larly, to the use of supercritical fluids for producing 
supcrmicrocellular foamed materials which can achieve 
a relatively wide range of materia] densities and a large 
number of extremely small voids or cells per unit vol- 

BACK GROUND OF THE INVENTION 
Techniques for making conventional foamed materi- 
als, such as foamed polymer plastic materials, have been 
well known for many years. Standard techniques for 
such purpose normally use chemical or physical blow- 
ing agents- The use of chemical agents is described, for 
example, by Lacallade in the text, "Plastics Engineer- 
ing." Vol. 32. June 1976 which discusses various chemi- 
cal blowing agents, which agents are generally low 
molecular weight organic compounds which decora 
pose at a critical temperature and release a gas (or gases) 
such as nitrogen, car bon dioxide, or carbon monoxide. 
Techniques using physical agents include the introduc- 
tion of a gas as a component of a polymer charge or the 
introduction of gases under pressure into molten poly- 
mer. Injection of a gas into a flowing stream of molten 
plastic is described, for example, in U.S. Pat No. 
3.796,779 issued to Greenberg on Mar. J2, 1976. Such 
earlier used and standard foaming processes produce 
voids or cells within the plastic materials which are 
relatively large, e g. on the order of lOO microns, or 
greater, as well as relatively wide ranges of void frac- 
tion percentages e g , from 20%-90% of the parent 
material. The number of voids per unit volume is rela- 
tively low and often there is a generally non-uniform 
distribution of such cells throughout the foamed mate- 
rial. Such materials tend to have relatively low mechan- 
ical strengths and toughness and there is an inability to 
control the dielectric constant thereof. 

In order lo improve the mechanical properties of 
such standard cellular foamed materials, a microcellular 
j process was developed for manufacturing foamed plas 
! '* s having greater cell densibes and smaller cell sizes. 
Such a process is described, for example, in US. Pat 
No. 4,473.665 issued on Sep. 25, 1984 to J. E. Martini 
Vrcdenslry et at The improved technique provides for 
presarurating the plastic material to be processed with a 
uruform concentration of a gas under pressure and the 
provision of a sudden induction of thermodynamic in- 
stability in order to nucleate a large number of cells For 
example, the material is presaturated with the gas and 
maintained under pressure at its glass transition temper- 
ature. The material is suddenly exposed to a low pres- 
sure to nucleate cells and promote cell growth to a 
desired size, depending on the desired final densi.y, 
thereby pioducing a foamed material ha ving mjcroccl 
lular voids, or cells, therein The material is then 
quickly further cooled, or quenched, ic njaintain the 
raicroccllular structure 

Such a technique lends to increase the cell density, 
i.e., the number of cells per urut volume of the paient 



material, and to pioducc much smaller cell sizes than 
those in standard cellular structures. The microcellular 
process described lends to provide cell sizes that aie 
geneially smaller th2n the critical sizes of flaws that 
pieejisl in polymers so that the densities and the me- 
chanical properties of the materials involved can be 
controlled wuhout sacrificing the mechanical propci- 
tjes of some pol>mcrs. such as the mechanical strength 
and toughness of the polymer. The resulting microcel- 
lular foamed materials that are ptoduced, using various 
thermoplastics and thermosetting plastics, tend to have 
average cell sizes in the range of 3 to 10 microns, with 
void fractions of up to 50% of the total volume and 
maximum ceil densities of about one billion (lO 9 ) voids 
per cubic centimeter of the parent material. 

Further woik in producing microcellular foamed 
plastic material is described in U.S. Pat. No. 4,761,256 
issued on Aug 2, J988 to Hardcobrook et al. As set 
forth therein, a web of plastic material is impregnated 
with an inert gas and the gas is diffused out of the web 
in a controlled manner The web is reheated at a foam- 
ing station to induce foaming, the temperature and du- 
ration of the foaming process being controlled prior to 
the generation of the web lo produce the desired char- 
acteristics The process is designed to provide for pro- 
duction of foamed plastic vveb materials in a continuous 
manner. The cell sizes in the foamed material appear to 
he within a range ftom 2 to 9 microns in diameter. 

It is desirable to obtain improved foamed materials 
which will piovide even smaller cell sizes, e.g , I O 
micron or less, and much higher cell densities as high as 
several thousand trillions of voids per cubic centimeter, 
i e., on the order of I0 15 , or so, voids per cubic CCTtime- 
ter of the parent material, for example. Such materials 
should also have a capability of providing a wide range 
of void fraction percentages from very high void frac- 
tions (low material densities) up to 90%, or more, lo 
very low void fractions (high material densities) down 
lo 20%, or less 

Further, it is desirable to be able to produce microcel- 
lular plastics at or near ambient temperature, so as to 
eliminate the need to heal the plastic during the process 
thereby simplifying the manufacturing process. More- 
over, it is further desirable to increase the speed at 
which a fluid is dissolved in a polymer so that the over- 
all lime of the foaming process can be significantly 
reduced so as to increase the rale of production of the 
foamed material- 
No processes used or proposed for use lo dale have 
been able to provide foamed materials having such 
extremely small cell sizes, such extremely high cell 
densities and snch a wide range of materia] densities that 
provide improved material characteristics- Nor have 
techniques been proposed lo obtain such materials at 
ambient temperature and at increased production rates 

BRIEF SUMMARY OF THE INVENTION 
In accordance with the invention, supermicTocellular 
foamed materials are formed by using supercritical flu- 
ids, ic , gases in their supercritical state, which super- 
critical fluids aie supplied to the materials to be foamed. 
The supcrcnoca] fluid is used as the foaming agent in a 
parent material, preferably, for example, in a polymer 
plastic material A relatively high density supercritical 
fluid made at a iclatively low temperature and a rela- 
tively high piessure is used to sarurate the polymer 
without the need lo raise the saturation temperature of 
the process lo the melting point of the polymer 
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11 aid ihcn tends to .-ct is - selMMH ana t.ie pci)w. 
lends ro .-ci as a -oluie Ho«c^ci, whether the supci- 
cnuc.l fl.:id ard pol>mcr net as solvents or solutes 
during ibe p.occss. al wnw time following the introduc- 
tion or supercritical fluid into the polymer, an eflcc- 
tively saturated solution of the fluid and the polymer is 
produced. Although the aforesaid description is be- 
lieved to be a reasonable theoretical explanation of what 
occurs during the process involved, the invention is not 
be construed as requiring that such specific process 
necessarily occurs in the manner so described. 

When the fluid/polymer solution contains a sufficient 
amount of supercritical fluid therein at a suitably se- . 
lected temperature and pressure, the temperature and- 
/or pressure of the fluid/polymer system is rapidly 
changed to induce a thermodynamic instability and a 
foamed polymer is produced The resulting foamed 
material can achieve a cell density of several hundred 
trillions of voids per cubic centimeter and average void 
or cell sizes of less than 1 O micron, in some cases less 
than 0 1 micron. Moreover, in accordance with the 
invention, the foaming of such materials can m some 
cases be achieved at ambient (room) temperature condi- 

BR1EF DESCRIPTION OF THE DRAWINGS 
The invention can be described in more detail with 
the help of the following drawings wherein 

FIGS. 1 and 1A depict graphs of the pressure vs. 
specific volume relationship showing the region in 
which a supercritical slate is achieved for carbon diox- 
ide, 

FIG. IB depicts a graph of the pressure vs. tempera- 
ture relationship showing the region in which a super- 
critical state is achieved for carbon dioxide, 

FIG. 2 depicts a chart or critical temperatures and 
critical pressures required for placing various materials 
in their supercritical fluid states; 

FIG. 3 depicts a cliagrammatic view of an exemplary 
system for forming superrnicrocellular foamed materi- 
als in accordance with the invention; 

FIGS. 4 and 5 depict graphs of pressure vs. volume 
relationships helpful in understanding an exemplary 
method of the invention for an ideal and for an actual 
operation of the system of FIG. 3 when using carbon 
dioxide; 

FIGS 6, 7, 8, 9, 10, and 11 depict microphotographs 
showing typical cross-section views of the cells pro- 
duced in various supermicrooellulai foamed materials in 
accordance with the invention (note the micron scales 
indicated in the figures); 

FIG. 12 depicts bar graphs of the average cell sizes 
produced for various supermiciocellular foamed poly- 
mer plastic materials formed in accordance with the 
invention under substantially the same exemplary con- 



FIG' 13 depicts bar graphs of the average cell densi- 
ties produced for the various supermicroceUular 
foamed polymer plastic materials shown in FIG 12 
formed under substantially the same exemplary condi- 



F1G 17 depicts a s>stcm in ~hich (he foaming of a 
material and ihe forming of an article ihcrcfiom can 
take place in accordance with the invention; and 

FIG. 18 depicts an injection molding system in accor- 
dance with the invention in which the time required for 
saturation of a material by a supercritical fluid is greatly 
reduced from that normally required for microcellular 
foaming. 

A supercritical fluid can be defined as a material 
which is maintained at a temperature which exceeds a 
critical temperature and at a pressure which exceeds a 
critical pressure so as to place the material in a super- 
critical fluid state. In such state, the supercritical fluid 
has properties which cause it to act, in effect, as both a 
gas and a liquid. Thus, in the superctritica] state, such a 
fluid has the solvent characteristics of a liquid, but the 
surface tension thereof is substantially less than that of a 
liquid so that the fluid can diffuse much more readily 
into a solute material, as in tbe nature of a gas. 

For example, it is known that carbon dioxide (CO?) 
can be placed in a supercritical stale when its tempera- 
ture exceeds 31* C. and its pressure exceeds 1100 psi. 
FIGS. 1 and 1A, for example, depict curves 10 and 12 of 
pressure vs. specific volume (FIG. 1) and temperature 
vs. specific entropy (FIG 1A) for carbon dioxide. 
When tbe pressure is above 1 1O0 psi and the tempera- 
ture is above 31" C. (curve 10A) exemplified by the 
shaded region 11 of FIG. 1. and when tbe temperature 
is above about 31" C. and the pressure is above I lOOpsi 
(curve 12A) exemplified by the shaded region 13 of 
FIG I A, carbon dioxide is provided in its supercritical 
state As depicted another way. FIG. IB shows the 
pressure vs. temperature relationship for CO? in which 
such critical pressure (1 100 psi) and critical temperature 
(31* C ) aie depicted so as to define the supercritical 
state by the shaded region 14. 

The chart of FIG. Z depicts the critical temperatures 
and prrrtures for various known exemplary materials, 
above which values such materials are placed in their 
supercritical fluid states. 

FIG. 3 shows a diagrammatic view of an exemplary 
system for use in forming supercritical foamed materials 
in accordance with the invention. As can be seen 
therein, a source of carbon dioxide in a non-critical state 
is provided from a pressurized CO? cylinder 2© in which 
CO2 is maintained at a pressure and temperature below 
the above discussed critical values. Tbe < < h therein is 
supplied through conduit 21 via a high-pressure valve 
22 to a high pressure chamber 23. Tbe temperature of 
tbe chamber can be controlled, for example, by placing 
Ihe chamber in a temperature controlled enclosure 24. 
A material 25, such as a polymer plastic material, is 
placed within chamber 23. The temperature of the 
chamber is controlled to be set at a selected initial tem- 
perature level. 

In order to understand the process of the invention 
for providing a supercritical fluid, such as COj in its 
supercritical slate, to chamber 23 for use in producing a 
foamed material, it is helpful to consider the pressure- 




volume relationships shoun in FIGS 4 and 5 winch 
Ji-pici such retelionstups both ideally (TIG •») .-uid m an 
aciual cj.pt- runcnta) case (FIGS 5) when CO; is used in 
its supcicnncal fluid state with a soft polyvinyl chlonde 
poI>mer plastic 

In accoidancc with a specific cjcrapbn' picccss for 
prodding a mpricntica) CO? fluid, the Icropciziuic cf 
chajDbci 23 is initially set ai 25* C, via a suitable tem- 
pcialuie contiol of cnclosuic 24 using control tech- 
nique's as would be well known to Lliose in the aiL A 
COj gas is maintained in cylinder 20 at a pjessure of 850 
psi (5 8 MPa), for example, and high pressure valve 22 
is opened lo supply CO? gas at such pressure to chamber 
23 via conduit 21. Valve 22 is closed (point A of FIGS. 
4 and 5) so that initial conditions of a temperature of 25* 
C. and a pressure of 850 psi arc established in chamber 
24 

Die temperature of chamber 24 is then reduced to 0* 
C- at which point the pressure drops to 515 psi (point B 
of FIGS. 4 and 5). The specific volume is reduced and 
the high pressure valve 22 is then opened (point B of 
FIGS. 4 and 5), so that the pressure in chamber 23 again 
rises to the 850 psi level of the COj cylinder (point C of 
FIGS. 4 and 5). The temperature of the chamber is then 
again controlled so as to increase from 0" C to a much 
higher temperature, selected in this exemplary case as 
43* C The pressure rises from 850 psi to a much higher 
value shown theoretically in the ideal case as 60O0 psi 
(point D of FIG. 4) In a practical case, the pressure 
must be controlled so as not to exceed the limits im- 
posed by the chamber 23. In a practical case, the high 
pressure value, for example, is increased to 3000 psi 
(point D of FIG. 5). 

At point I>, the COj is in a super critical state and acts 
as a supercritical fluid. At such point, the CO? is sup 
plied to the polymer plastic material 25 to form a fluid/- 
polymer solution containing a sufficient amount of su- 
percritical CO? for a supermicrocellular foaming pro- 
cess. In effect the solution can be thought of as being 
saturated with supercritical CO?, which saturation pro 
cess occurs over a particular saturation time period, 
depending on the thickness of the polymer plastic For 
example, if materia] 25 is a sheet of plasticized polyvi- 
nylchlorine (PVQ material, having a thickness of about 
1/16 inch, a sufficient time period for such operation is 
about 5 minutes, such rime being more or less dependent 
on the diffusion distance of the polymer (the thickness 
thereof) and the diffusion characteristics of the super- 
critical fluid, e g , CO?, in the particular polymer used. 

Following formation of the desired fluid/polymer 
material, the chamber is opened and the material is 
removed therefrom so that the pressure and tempera- 
ture thereof rapidly assumes ambient room conditions 
(e.g., 77* F., 0. 1 Mpa). Such rapid changes in tem- 
perature/pressure conditions induce a thermodynamic 
instabDity so that foaming (cellular nucleation and cell 
expansion) takes place within the material. The foaorning 
time to achieve a desired supermicTOcellular foam PVC 
material, for example, is about one or two minutes, such 
time being more or less dependent on the temperature 
of the material prior to removal. It is found that such 
PVC material achieves a cell density of about 2X 10' 1 
ceUs/cc. and an average cell size of about 0.8 microns 
The cell density is primarily a function of the amount of 
supercritical fluid in the fluid/polymer solution as mea- 
sured relative to the unfoarned material A microphoto- 
graph of an exemplary cross-section of such material is 
sbov. n in FIG 6. magnified 2O0O times, the cell distnbu- 
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non being substantially uniform ihiougbout tne m.ne- 

SuoiHr experimental foamed rr.iicnnls were ni.-.dc 

gl\ccl inodifitd foljrihxlenc uitp'riihalaie (i e . co- 
poljoicr) poljinci material (?ETG) was supplied 
sufficient supercritical CO? fluid over a time penod of 
about lO hoiiiS and, wben removed to rociu lernpeia- 
ture and piessuie conditions, the fluid/polymer system 
was found to foam in about one 01 two minutes, theicby 
producing a supermicrocellular foamed PETG material 
having a substantially uniform cell distribution, a cell 
density of about 3 X 10 10 ceUs/cc and an average cell 
size of about 5 microns, A micropbotograpb thereof is 
shown in FIG- 7 at a magnification of 1000 tiroes. 

In some cases, particularly when using a semi -crystal- 
line material, it has been found that the foajming temper- 
ature must be higher than ambient room temperature 
For example, when a sheet of rigid PVC material hav- 
ing a thickness of 1/16 inch (1.59 mm) is used, an effec- 
tively saturated fluid/polymer system can occur at a 
pressure of about 150Opsi (10 2 MPa) and a temperature 
of 43* C. over a time period of about 15 hours Follow- 
ing the formation thereof, .the material is foamed at a 
much higher temperature than ambient room tempera- 
ture, e g , at 160* C. at ambient pressure. Such foaming 
can be produced by removing the saturated rigid PVC 
polymer from the chamber 24 and placing it in a liquid 
glycerin bath the temperature of which is at the desired 
160" C. level Supermicrocellular foaming was found to 
take place in about 10 seconds In such case, an average 
cell sue of about 1 0 micron and a cell density of about 
2X I0 ,2 ccUs/cc. was achieved, there being a reasonably 
uniform distribution of such cells throughout the mate- 
rial A mjcrophoiograpb of such foamed rigid PVC 
material is shown in FIG. 8 at a magnification of 5COO 
X. 

A similar foaming temperature 160* C. was used for 
both low density and high density polyethylene (LOPE 
and HOPE) polymers. In the case of a low density sheet 
of PE having a thickness of 1/16 inch (1.59 mm), the 
formation of a suitable fluid/polymer system took place 
at a pressure of 30O0 psi and a temperature of 43* C. 
over a 10 hour time period, while supennjcroceUuIar 
foaming occurred at the 160* C. level at ambient pres- 
sure in about 20 seconds. Such operation produced very 
small average cell sizes of about 0. 1 micron and cell 
densities of about 5X 10 ,4 cells/cc. In the case of a sheet 
of high density PE having a thickness of 1/16 inch (1.59 
mm), formation of a desired fluid/polymer system also 
occurred at 3000 psi and 43" C_ over a 10 hour time 
period, while foaming occurred at 1 60* C. and ambient 
pressure in about 20 seconds. Such operation produced 
very small average cell sizes of about 0.2 microns and 
cell densities of about 6x 10" cells/cc- Microphoto- 
grapbs of exemplary foamed L.DPE polymers and 
foamed HOPE polymers are shown in FIGS. 9 and 10, 
respectively, at magnifications of 5000 X (FIG. 9) and 
of 2000 X (FIG. JO), respectively. 

In a further exemplary case, a sheet of polycarbonate 
polymer having a thickness of 1/16 inch was supplied 
with supercritical CO? to form a suitable fluid/polymer 
system at a pressure or 15O0 psi (10.2 MPa) and 43* C. 
over a 15 hour time period, while foaming occurred at 
160" C. and ambient pressure in about 10 seconds to 
produce average cell sizes of about 2 microns and cell 
densities of about 2X 10' 1 cells/cc. A miciophotogT2ph 
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or an exemplary cross v^Don thereof is shown in FIG 
11 .-•( a m.-cr.dic.-tion cf TOLO X 

J~he bra diagrams depicted in FIGS. 12 anJ J3 si,o.v 
the correlation bets* cen a\ exnge cell sizes and cell den- 
sities for the bovc disc uv < <l exemp'ary forimed m^icn- 
.ilj In tl.c figiuts, the bus m lel.itcd lo c:;ch matcri-l 

nlly ihc smalld the cell sues Gtiaincd ib<r gre.-Mtr i}ic 
ceil densities that cjlh be --icbicscd 

While the producing of a supcicritic.nl fluid for use in 
the process of ibe invention is performed in the above 
particular examples al a tempera fur e of 43* C. and al 
pressures of 1500 psi or 3000 psi, sucb temperatures can 
range from about 35' C. lo about 43* C. or higher, and 
sucb pressures can range from about 1400 psi to about 
6000 psi, or more The supercritical fluid should have a 
relatively high density, e g , for supercritical CO2 fluid 
a density of about 0 016 moles per cubic centimeter to 
about 0 022 moles per cubic centimeter can be used. 

Although the technique described above with refer- . 
ence to FIG. 3 is in effect a batch processing technique, 
foamed materials can also be made using a continuous 
process in which polymer plastic pellets or sheets are 
used. FIG. 14, for example, depicts one such continuous 
technique using a co-rotating twin screw extruder of a 
type well- known to those in the art for supplying a sheet 
of polymer to a chamber 38 for foaming of the polymer 
using a supercritical fluid 

As seen in the diagram of FIG 14, an extruder barrel 
30 having a plurality of barrel beaters 31 has a polymer 
material, eg, b the form of polymer pellets, supplied 
thereto via a hopper 32 Extruder barrel 30 contains a 
00- rotating meshing rwin screw assembly 33 for ex trad 
ing polymer plastic material to a sheet die 34 A contin- 
uous sheet of polymer materia] is theieby supplied to an 
arrangement 3* of rollers held al a substantially con- 
stant temperature. A motor 37 is used to control the 
position of idler 35 so as to control in turn the residence 
lime of the polymer sheet in chamber 38 by controlling 
the length of the sheet resident in the chamber. The 
roller system 36 is positioned within a chamber 38 10 
which is supplied a supercritical fluid from a source 39 
•hereof. For example, a source 39 of CO2 in a gaseous 
form supplies CO? gas to a compressor 40, the tempera- 
ture of the gas and the pressure at the compressor being 
controlled to place the CO2 in its supercritical state 
when it is supplied lo chamber 38. 

As the sheet of polymer plastic travels through the 
toller system 36 al 3 selected speed, e g , at a linear 
space of about 1 O inch/second, the supercritical fluid 
and the polymer form a fluid/polymer system, sufficient 
fluid being supplied so that the sheet is effectively satu- 
rated with fluid as it leaves chamber 38. The saturated 
sheet of polymer emerges from chamber 38 into a foam- 
ing chamber 41 via a suitable dynamic pressure seal 42 
and thence through a pair of chilled rollers 43. The drop 
in pressure occurring from the pressute in chamber 38 
to the pressure in chamber 41, e g., ambient pressure, as 
the fluid/polymer sheet exits through the dynamic seal 
42 to the chilled rollers 43 causes a nucleation of cells 
within the fluid/polymer material which cellular nucle- 
ation is maintained at the chilled rollers 43. The fluid/- 
polymer sheet material is then heated by passing the 
sheet adjacent foaming heaters 44, the time of residence 
therethrough being controlled by changing the length 
of the sheet resident in chamber 41 adjacent heaters 44 
usirfg a motor 45. The lDCiease in temperature of the 
flind/poI> uicr material causes ihc nucleated cells to 



,1 Ol OSS O O-Mj- „, O 22 Ei! O 




.if- r ic<r:s K,. np (c ..,, f ! M hx ch-inc.nc ihe lenrili of 
.t.c sbee. .c-.d. n. :,il,-c<n. hi.,. ens -K>\.s.V. L" a ino.o. >7 
The foamed .'-no jnn«JcJ TC icn.il can ihen be ssip 
plied fioin lo.vminc chamber 4 | 10 a laic up roller de 
«CC *S for stoiagc 

picted in FIG 15 using the sysicm of FIG 14 m a some 
what different manner As can be seen therein, a supei- 
cnuca] fluid is supplied to a polymer plastic material 
~hile the laner material is being exr ruded from extruder 
barrel 30. the supercritical fluid, eg. CO?, being ob 
lamed from a CO; gas supply 50 and a compressor 51. as 
before The supercritical fluid is supplied to the interior 
of heated extruder barrel 30 at an appropriately selected 
position so as to introduce the fluid into the molten 
polymer material Sufficient supercritical CO- is sup- 
plied so as to form a molten fluid/pol> mer material in 
which the polymer is effectively saturated with super- 
critical fluid The molten fluid/ polymer material exits 
from extruder barrel 30 and is supplied 10 a sheet die 34 
Sheet die 34 forms a sheet of such fluid/polymer mate 
nal. which saturated sheet is then supplied 10 an ar- 
rangement 53 of chilled rollers in a foaming chamber 52 
The pressure in the chamber 52 is maintained at a level 
lower than that at the extruder barrel exil and as the 
pressure drops upon e Die ring of the fluid/polymer ma 
tenal into chamber 52. cell nut lea Don occurs within the 
material The chilled rollers maintain the cell nuclearioo 
condition and the fluid/polymer material is then sup- 
plied to foaming heaters 44. where cell expansion and. 
thereby, completion of the foaming process is achieved 
As in the system of FIG. 14. the foamed polymer mate- 
rial can be annealed, e g . for crystalliratioo of the 
foamed polymer if desired, by annealing beaters *6 
(optional) and the annealed foamed polymer materia] 
can exit the foaming chamber for supply to a tale up 
device 48 via chilled rollers 54. Motors 37. 45 and 47 are 
used as above, to control the residence times of the 
sheet at the corresponding regions of chamber 52. 

A further alternative embodiment of the continuous 
process shown in FIGS. 14 and 15 is depicted in FIG. 
16. wherein a supercritical fluid, eg.. COj in its super 
I critical state, n supplied to an extruder barrel 30. as in 
FIG. IS. for providing saturated extruded fluid/- 
polymer maurnal ibertfrom. The extruded material is 
then formed into a sheet of fluid/polymer materia] and 
supplied 10 a pressunxed chamber 55. the pressure in 
; which is suitably controlled by a piessure controller 59 
The sheet materia] is supplied to an arrangement 56 of 
constant temperature rollers and thence exits chamber 
55 via a dynamic pressure sea] 57. 

If the pressure m chamber 55 is maintained at subs tan 
» daily the same pressure as the saturation pressure of the 
supercritical fluid supplied by compressor 51. both cell 
nuclcataoo and cell expansion occur as the fluid/ 
polymer sheet exits via dynamic seal 57 due 10 the pros 
sure drop from the pressure in chamber 55 to the lower 
pressure in an annealing chamber 53 The foamed poly- 
mer materia] is then passed through chilled rollers 60 ro 
maintain its foamed condition and supplied 10 annealing 
heaters «6 md thence 10 lake up device 4J) as before 
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:t of ihe wimsiion pressure of "be supti- 
cr.rieal f)ujd supplied bv romporci SI, cell nucleoncn 
occurs as (he sheet roatcn.-l exits shcci die 34 mio the 
lovicr pressure chamber 55 The chilled rollers 56 rnain- 
i.Tjn Ihc nucleated cells Ccl) cxpmsion ,hcn ""^ 115 
Ibe foKmci material exits r>t dynamic seal 57 lOJnocn 
Jo^ei pressure annealing chamber S8. e g , at ambient 
pressure, so that the cornpleiely foamed poly-roer mate- 
rial is obtained at I bat point The chilled rollers 60 main 
lain the cell expansion. In such an operation as depicted 
in FIG. 16, foaming (i c, eel) nuclcation and cell expan- 
sion) takes place substantially solely due to the picssuic 
differentials which occur in the system. Sucb operation 
can be contrasted with that of FIG. 14, for example, 
wheiein cell nuclcation occurs doc to the pressure dif 
ferential at dynamic seal 42 and cell expansion occurs 
due to the temperature differential at foaming beaters 
44 Sucb operation can also be contrasted with that of 
FIG 15, for example, wherein cell nuclcation occurs 
due to the pressure differential at the em! of sheet die 34 
and cell expansion occurs due to the temperature differ- 
ential al foaming beaters 44. 

The embodiments discussed wit* reference to FIGS 
J-J6 disclose techniques in which roaming can lake 
place, using supercritical fluids, al various Icmpera- 
rujcs, i e-, at loom (ambient) temperature or at higher 
temperatuics FIG. 17 depicts an exemplary system m 
which the foaming operation and the forming of an 
article thciefrom can be accomplished m the same over- 
all operation at ambient, or room. Jemperaluie. As can 
be seen therein, a mold comprising a lower mold body 
61 having a mold cavity 62 and an opper mold body 63 
shaped to conform to the mold cavity 62 are arranged 
so that mold body 61 is fixedly mounted within a cham- 
ber 64 and mold body 63 is movably mounted to move 
reciprocally into and out of cavity 62 using a suitable 
externally applied hydraulic jack or piston force, as 
shown by arrow 72. via a suitable dynamic pressnre seal 
65. A pliable sheet 66 of a polymer plastic material is 
mounted above cavity 62 of mold body 61 between two 
suitably shaped holders 67 so that, when mold body 63 
is moved downwardly into cavity 62. a cup-shaped 
article of polymer plastic material can be formed there- 
between Prior to forming the article, a supercritical 
fluid, e g , C0 2 in its supercritical state, from a source 68 
thereof, is supplied to chamber 64 via a suitable valve 
69. the supercritical fuid noun ally being supplied at a 
temperature higher than ambient temperature- Chamber 
64 is pressurized lo a relatively high pressure, e g , 3000 
psi. (PMa), the temperature within chamber 64, bow- 
ever, being maintained at a suitable lemperatuie on the 
order of the critical temperature, or higher, of the su- 
percritical fluid. The supercritical fluid in effect satu- 
rates the polymer sheet 66 after a time period which 
depends on the polymer material involved. The temper- 
ature in chamber 64 is reduced to room (ambient) tem- 
perature and. when the polymer sheet is saturated with 
supercritical fluid, the mold body 63 b moved down 
wardly into cavity 62 and, preferably, the pressure in 
the chamber is then reduced via the operation of pics- 
sure relief valve 70 The drop in pressure causes a cell 
nuclcation and cell expansion within ihe polymer male 
naJ as the molding or the article occurs, thereby causing 
a foaming of the polymer material and the forming of an 
.article fiorn the foamed material, the article having a 
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]n ihe ab-.-.c di: closed e rnbed imc r is. ihc.-c is a fim:e 
t me --vh-ch .s n.juiicd for a polymer material to be- 
come •-■>i.;'=ud with a supercritical fled i e , for a s-.ifTi- 
cunt -i-nouni of supercritical flu.d to t-c rnt.oduccd into 
ihc pel", mcr to Term a fluid/po!) mil solution ^hicb can 
be appropriately foamed to provide a desued supermi- 
croccllular foamed material While in some cases such 
time can be as low as 10 minutes, e g , when using a soft 
PVC material having a thickness of 1/16 inch (1.59 
mm), in other cases longer times may be required de- 
pending on the thickness desired. While such embodi- 
ments can be useful in many applications, in other appli- 
cations it may be desirable to reduce the time need for 
such purpose For example, in order to enhance tbe 
ability to use the technique of the invention in some 
applications to achieve relatively high production rates 
for obtaining superrmcrocellular formed material, it is 
often desuablc to use much shorter saturation time peri- 
ods One technique for doing so is depicted in the sys- 
tem sbown in FIG. 18 in which a supercritical fluid is 
introduced into an extrusion barrel 70, for example, for 
injecUDg the saturated material into a mold 

As can be seen in the diagrammatic presentation of 
FIG 18, an extrusion barrel 70 utilizes a screw 71, with 
integrated mixing elements 83, of a type having irregu- 
lar blades, as would be well known to those in the art. 
into which plastic pellets of a polymer 
introduced via a hopper assembly 72. Tbe c 
barrel is heated so that the "pellets become plasticized 
and reach a molten state as they are moved by the mix 
ing screw aloDg tbe barrel 70. m a manner similar to that 
discussed with reference lo FIGS 14, 15 and 16 A 
source 82 of CO? gas is introduced into the extrusion 
barrel at a selected position aloDg mixing screw 71 via 
ihe operation of a suitable flow control valve 73. Ihc 
temperature and pressure in the extrusion barrel at thai 
point being controlled so as lo be greater than the criti- 
cal temperature and pressure for converting the COj in 
gaseous form into CO2 in its supercritical state. The 
COj gas may be preheated before insertion, if desired, to 
prevent too sudden an increase in pressure in Ihe barrel 
at ihe higher lemperatuie of the barrel. Alternatively, 
ihc CO7 gas can be converted to its supercritical state 
externally to the extrusion barrel and suppbed 10 Ihe 
mixing screw as a supercritical CO; fluid. 

The super cnlical CO2 fluid is mixed with the molten 
polymer material by tbe mixing screw and such mixing 
enhances Ihe subsequent diffusion into, and effective 
saturation of supercritical CO2 fluid in. the polymer 
because the contact area of the two materials being 
mixed is increased by the mixing process and the depth 
required for diffusion is decreased thereby. 

Thus, tbe supercritical CO2 fluid is mixed with the 
molten polymer by tbe motion of the mixing screw 10 
aid in forrning a solution. As the mixing screw rotates, it 
generates a two-dimensional shear bcld in the mixed 
COz/poIymer system. Tbe bubbles of supercritical CO2 
fluid in the polymer melt arc strelcbed along the shear 
directions of tbe shear field. The stretched bubbles are 
then broken into smaller spherical shaped bubbles by 
the pemxrbation of the laminar flow which is generated 
by the mixing screw. The irregular blades used in Ihe 
mixing sciew change the orientation of the CO2/- 
polyTOcr interface idative lo the sUeamlines. which 




The CCh/pohmcr rmx is supplied 10 a Mane mixer 74 
which continually chanf.es ihc oncrucon of ;be COy 
pol>rocr ^uiicrfscc rebme 10 if c sirca.-r.Iir.cs m.) 

fc< u-.c .n ;n cMi u sit n band .uc -icil known 10 ihc ■., I 
and arc made and sold coi.xrrjcionlh The diameter of 
sialic mixer 7-1 should be small and the static miui can 
comprise a selected number of mnci cicmcnis 75, as 
further discussed below 

If the diameter of the static mixer elements is too 
large, the How rate of the COz/polymer mixture there- 
through is small and. consequently, the shear field gen- 
crated by the static mixer elements is small The spheri- 
cal shapes of the bubbles would thereby be maintained 
because the surface tension would be dominant and, m 
e fleet, the surface tension would overcome the effect of 
the relatively small shear field When the flow rate is 
5ix> small, a static nraer is not effective for mixing the 
CCh/polymer system into a solution because of such 
dominant surface tension. Hence, it is desirable to make 
the diameter of the static mixer relatively small 

The characteristic length of the static mixing which 
occurs in static mixer 74, i e . the striation thickness of 
the mixed 002/polvmcr layers, is approximately d/2" 
where d is the diameter of the static mixer elements and 
n is the number of the mixing elements 75 Better mixing 
occurs when mixer elements having a small radius are 
used because such characteristic length of the mixing 
decreases as the diameter decreases, as well as when a 
relatively large number of mixing elements is used I he 
number of mixing elements and the diameters thereof 
can be selected so as to assure a satisfactory and ade- 
quate static mixing operation. 

During the static mixing of the CChz/poIyrner system, 
the COj molecules in the bubbles also tend to diffuse 
somewhat into the polymer melt material which sur- 
rounds each bubble. However, the pi unary diffusion 
operation takes place in a diffusion chamber 76 into 
which the two-phase gas/polymer mixture is intro- 
duced. The mixture then becomes a complete single 
phase solution in the diffusion chamber as the CO^dd 
fuses into the polymer therein. The COj concentration 
in the single-phase CO?/ polymer solution thereby pro- 
duced is substantially uniform throughout the solution 
and the solution is effectively homogeneous. If the su 
percritical CO? fluid does not diffuse into and saturate 
the polymer uniformly and homogenously, the foamed 
structure that is ultimately formed will not be uniform 
because the cell morphology strongly depends on the 
local gas concentration in the solution. 

The homogeneous and uniform fluid/polymer solu- 
tion in diffusion chamber 76 is then heated in a beating 
section 77 thereof where the solution is rapidly heated 
(in a typical case the temperature may rise from about 
190* O to about 245* C , m about 1 O second, for exam- 
ple), so as to form nucleated cells in the saturated solu- 
tion due to the thermodynamic instability which is cre- 
ated because of the decreased solubility of the fluid/- 
polymer solutions at the higher temperature. The 
greater the decrease in solubility which occurs, the 
higher the cell nucleation rate and the larger the num 
ber of cells nucleated. To prevent tbe nucleated cells 
from growing in the extrusion barrel 70 a high barrel 
presssure is maintained. Tbe solution with nucleated 
cells is then injected into a mold cavny 78 of a mold 79, 
the pressure m the mold ca\itv being contiollcd b> 
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providing a counter pressure to picvt.,1 cell growth 
during the mold filling process The counter picssuic is 
provided by the insertion of an under pressure fiom a 
source 80 thereof via shut-off val\e 81 Finally, cell 
gio^-th occurs inside ibe mold avity when the mold 
caviiy is expanded and the picssuic therein is leduccd 
rapidly, thejeby producing a piessuie instability «bich 
enhances cell giowih 

Accordingly, expansion of the mold provides a 
molded a/id foamed article having the small cell sizes 
and high cell densities desired By using a miring screw 
for providing a shear field which produces a laminar 
flow of the mixed materials and then by using both a 
static mixer having small diameter mixing elements and 
a selected number of such mixing elements and a diffu- 
sion chamber, saturation of the polymer materia) with 
supercritical COj fluid occurs. The time period required 
to provide such saturation can be reduced from that 
required in the embodiments of tbe invention discussed 
previously so that it is possible to achieve continuous 
operation at relatively high production rates that would 
not be possible when longer saturation tiroes are 

The provison of extremely small cell sizes and high 
densities thereof in a foamed polymer material, as 
achieved when using supercritical fluids to provide the 
foaming operation, as described with reference to the 
above embodiments of the inventions brings about sub- 
stantially improved properties for the foamed materials 
obtained, particularly compared with previous standard 
cellular or microcellular foamed materials. Thns. the 
mechanical strengths and toughness thereof are substan- 
tially greater, even when the weight of the material (it . 
tbe material density) is considerably reduced. More- 
over, less polymer material is used in the process and. 
accordingly, material is conserved and the costs thereof 

While the embodiments of the invention described 
above represent preferred embodiments thereof, modifi- 
cations thereof and still other embodiments may occur 
to those in tbe art within the spirit and scope of the 
invention Hence, the invention is not to be construed as 
limited to the specific embodiments thereof described 
above, except as defined by the appended claims. 

What is claimed is: 



